The insecticidal activity of plant lectins against a wide range of insect species have been intensively studied. Understanding the mechanism of the toxicity of lectins is one of the studied aspects. In the present research, the first step was determine the effect of phytohemagglutinin (PHA) on the development, fecundity and mortality of grain aphid. Next, the effect of PHA lectin on the activity of such enzymes as: α-and β-glucosidases, alkaline (AkP) and acid (AcP) phosphatases, aminopeptidase N and cathepsin L involved in the metabolism of sugar, phosphorus and proteins of an adult apterae aphids was investigated. The PHA lectin added into the liquid diet increased the pre-reproductive period, mortality of Sitobion avenae, the time of generation development and decreased its fecundity and the intrinsic rate of natural increase. In addition, activity of α-glucosidase, alkaline phosphatase and aminopeptidase N of adult apterae exposed to PHA were reduced. The results indicate that the insecticidal activity of PHA on S. avenae may involve changes in activity of the enzymes in the midgut and it may be part of its toxicity.
INTRODUCTION
Plants produce a variety of compounds that provide certain protection against insect attack [13] . Over the past two decades extensive studies have been carried out to identify plant proteins with entomotoxic properties. Several of these proteins belong to the class of lectins [3] that groups all carbohydrate-binding proteins of non-immune origin that contain at least one non-catalytic domain which enables them to bind reversibly to specific mono-or oligosaccharides [6] . Over the last few years, research has demonstrated toxic effects in vitro or in planta of lectins against aphids [3, 36] . Despite current interest in the insecticidal properties of lectins, their mode of action remains enigmatic. It is proposed that insecticidal activity of lectins results among others from the effects of lectin on insect metabolism by their interfering with gut enzymatic function [29, 30] .
In this project the insecticidal activity of lectin (phytohemagglutinin, PHA) isolated from the kidney bean (Phaseolus vulgaris L.) on development, fecundity, and
Treatment of S. avenae with PHA via artificial liquid diet
Liquid artificial diet about optimal composition of essential nutrients [16] was used for the oral delivery of PHA to S. avenae. PHA was incorporated into diet at four concentrations 10, 250, 750, 1250 µg ⋅ cm -3 . Diet only negative controls were also included. The diets were sterilized after dissolving components by filtration through 0.45 µm Millipore filters. A total of 0.5 cm 3 of solution was used for each aphid feeding chamber, consisting of plastic rings (35 mm diameter, 15 mm height) overlain with 2 layers of stretched Parafilm M ® , between which the diet was sandwiched. For assays S. avenae adult aphids were placed on artificial control diet (without PHA) and left to produce nymphs overnight. After 24 h the newly emerged first instar nymphs were transferred to new feeding chambers (five insect per dish) with feeding sachets containing tested concentration of PHA. Ten replicates were set up for each treatment and for the control. The feeding chambers were kept in an environmental chamber at 21 ± 1 °C, L16:D8 lighting regime and 70% RH. Feeding sachets were replaced every 2 days to avoid contamination and deterioration of the diet. Larval development time (prereproductive period), daily fecundity and mortality of the aphids was monitored daily for 15 days. Population parameters were used to determine the influence of PHA on grain aphid population growth potential. The average time of generation development (T) and the intrinsic rate of natural increase (r m ) were calculated using equations of Wyatt and White [38] :
were d is the length of prereproductive period, Md the number of larvae born during the reproduction period which equals the d period, 0.74 the correction factor.
Influence of PHA on enzyme activities in S. avenae extracts
Effect of PHA on of enzymes within aphid bodies was determined using starved apterae morphs (40 per gel) placed on agarose-sucrose gels (1.25% agarose, 20% sucrose). There were two groups of gels: (1) without PHA (control gels) and (2) with the tested PHA at four different concentrations, 10, 250, 750, 1250 µg • cm -3 (3 replications for each concentration of lectin and control). After 24 h of gel probing aphids were collected and placed in cold buffers recommended for each enzyme: α-glucosidase, β-glucosidase -0.1 M phosphate buffer pH 5.8; alkaline phosphatase -0.15 M ammonium buffer pH 10; acid phosphatase -0.2 M citrate buffer pH 5.0; aminopeptidase N -0.1 M Tris-HCl buffor pH 7.0 containing 10 mM Triton X-100; cathepsin L -McIlvaine'a buffer pH 7.0 and homogenized at 0 °C. Homogenization was carried out in glass homogenizer equipped with an ice-bath and tight-fitting Teflon pestle. The homogenates were filtered through two layers of cheesecloth and centrifuged at 10,000 g for 15 min. The supernatans were used to assay the activity of the enzymes studied.
Enzymatic assays and protein determination
Activity of α-and β-glucosidases was determined using the Katagiri method [15] Activity of alkaline and acid phosphatases was determined using the Neumann and van Vreedendaal [22] and Deloach and Mayer [8] methods, based on the amount p-nitrophenol released from synthetic substratl p-nitrophenylphosphate (pNPP). Mixture for determine activity of acid phosphatase which contained 0.1 cm 3 aphid homogenates, 0.9 cm 3 0.2 M citrate buffer (pH 5.0) in which dissolved: 5 mM MgCl 2 , 3 mM pNPP and 0.1% TritonX-100 was incubated for 30 min at 30 °C and the reaction was stopped by addition of 0.3 cm 3 of KOH (6 M).
Mixture for determine activity of alkaline phosphatase which contained 0.1 cm 3 pNPP (0.1%), 0.1 cm 3 ammonium buffer (0.15 M pH 10) was incubated for 15 min at 30 °C. After adding 0.1 cm 3 aphid homogenates mixture was incubated for 30 min more distant and the reaction was stopped by addition of 0.1 cm 3 of NaOH (1 M) and was supplementing with water up to 2 cm 3 . Controls without enzyme were included. Optical density was measured at 405 nm. Activity of alkaline and acid phosphatases was expressed as µmol of p-nitrophenol released per minute per mg protein.
Activity of aminopeptidse N and cathepsin L were determined spectrophotometrically based on the amount p-nitroaniline liberated from L-leucine-p-nitroanilide (L-Leu-p-NA) and from benzoyloxycarbonyl-L-phenylalanyl-L-arginine-p-nitroanilide (Z-Phe-Arg-pNA) as substrates, respectively.
Assay of aminopeptidase N was determined by the method of Erlanger et al. [9] modified by Baker and Woo [1] . Incubation solution contained 0.2 cm 3 aphid homogenates, 0.6 cm 3 of substrate of 1 mM concentration (initially solubilized in dimethylformamide -DMF) in 100 mM Tris/HCl buffer in which dissolved : 5 mM MgCl 2 × 6H 2 O. After incubation at 30 °C for 30 min reaction was stopped by the addition of 0.3 cm 3 of cold 10% trichloracetic (TCA).
Cathepsin L activity was conducted according to Wagner et al. [37] . 0.15 cm 3 of aphid homogenates was pre-incubated in 0.8 cm 3 of buffer containing 5 mM DTT, 1 mM EDTA, 0.1% Brij 35 for 15 min at 25 °C. The reaction was started by adding 0.1 cm 3 of substrate (10 mM substrate solution in DMF). The reaction mixture was incubated for 30 min at 37 °C. The reaction was stopped by the addition of 0.3 cm 3 of cold 10% TCA. Controls without enzyme or without substrate were included. The absorbance was measured at 410 nm. The concentration of p-nitroaniline was calculated using an extinction coefficient 8800 M -1 • cm -1 . Activity of aminopeptidase N and cathepsin L was expressed as nmol of p-nitroaniline released per minute per mg protein. Determination of enzymes activity were made in three replicates. The protein concentration in the aphids homogenates was determined using the method given by Bradford [2] .
Statistical analysis
Effect of the studied concentrations of phytoheamagglutinin on grain aphid performance and influence of PHA on enzymes activity were subjected to two-tailed unpaired Student's t-test. Relationships between concentration of PHA and population parameters and activities of enzymes were calculated using Pearson correlation. All statistical analyses used Statistica for Windows v .7.0 [34] .
RESULTS

Effect of PHA on S. avenae biological parameters
Grain aphid performance was affected by the presence of PHA in artificial diet. The PHA lectin added into the liquid diet increased the pre-reproductive period, mortality of S. avenae, the time of generation development (T) and decreased its fecundity and the intrinsic rate of natural increase (r m ) (Fig. 1) .
Particularly, there were high significant differences for fecundity of S. avenae between control and tested concentrations of PHA: 250 (t 8 = 7.60, P < 0.001, t-test), 750 (t 8 = 9.92, P < 0.001, Student's t-test) and 1250 µg • cm -3 (t 8 = 12.09, P < 0.001, t-test). For 10 µg • cm -3 significant differences were not found (t 8 = 2.20, P > 0.05, t-test). A similar tendency was found for pre-reproductive period: high significant differences (P < 0.001, t-test) was observed between control and 250, 750, 1250 µg • cm -3 concentrations of PHA. There is no significant difference (t = -1.0, P > 0.05, Student's t-test) for 10 µg • cm -3 of PHA. For average time of generation development statistically significant differences (P < 0.001, Student's t-test) between control and two concentrations of PHA, 750 and 1250 µg • cm -3 , respectively, were found. No significant differences (t 8 = -0.9, t 8 = -1.62, P > 0.05, t-test) was observed for others concentrations 10 and 250 µg • cm -3 of PHA. Overall, high a significant differences were observed for intrinsic rates of natural increase of S. avenae on the control and 250 (t 8 = 6.41, P < 0.001, t-test), 750 (t 8 = 10.93, P < 0.001, t-test), 1250 (t 8 = 15.46, P < 0.001, t-test) concentrations of PHA. There is no significant difference (t 8 = 39.0, P > 0.05, t-test) between control and 10 µg • cm -3 concentration of PHA. High differences were found for mortality, too. S. avenae on all concentrations of PHA showed a significant (P < 0.001, Student's t-test) mortality in comparison to control.
However, a significant relationship was found between studied concentrations of PHA and population parameters: the aphid fecundity (R 2 = 0.76, P < 0.001, Pearson correlations), larval development (R 2 = 0.92, P < 0.001, Pearson correlations), average time of generation development (R 2 = 0.92, P < 0.001, Pearson correlations), intrinsic rates of natural increase (r m ) (R 2 = 0.86, P < 0.001, Pearson correlations) and mortality (R 2 = 0.90, P < 0.001, Pearson correlations) (Fig. 1) . Values followed by asterisks are significantly different from the control values: ***P < 0.001; **P < 0.01; *P < 0.05.
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Effect of PHA on S. avenae enzymes activity
The activity of α-glucosidase in the grain aphid was clearly inhibited after exposure to the tested concentrations of PHA (Table 1 ). There was high significant and negative correlation between increase in concentration of PHA and decrease in activity of α-glucosidase (R 2 = 0.68, P < 0.001, Pearson correlations). In contrast to α-glucosidase, activity of β-glucosidase was induced by PHA at 10-750 µg • cm -3 but suppressed by 1250 µg • cm -3 (Table 1 ). There was no significant correlation for activity of β-glucosidase between control and all tested concentrations of PHA (R 2 = 0.01, P > 0.05, Pearson correlations). The alkaline phosphatase enzyme in treated apterae morphs showed a significant suppression by all concentrations of PHA, whereas acid phosphatase activity showed significant increase in activity by lowest concentrations of PHA and decrease by higher concentrations of the lectin (Table 1 ). There were high significant and negative correlations between increase in concentration of PHA and activity of alkaline and acid phosphatase (R 2 = 0.66, R 2 = 0.76, respectively, P < 0.001, Pearson correlations). Among the proteinases amniopeptidase N showed significant decrease in the activity compared to control (Table 1) but the other proteinase enzyme, cathepsin L showed increase in the activity in treated apterae morphs. There were significant correlations between increase in concentration of PHA and activity of aminopeptidase N (R 2 = 0.79, P < 0.001, Pearson correlations) and cathepsin L (R 2 = 0.94, P < 0.001, Pearson correlations).
DISCUSSION
The principal functions of plant lectins are to act as recognition molecules within the immune system, protein storage, cell surface adhesion and they have been implicated in defence mechanisms against invading pathogens and predators. Recently, a wide range of lectins from different plants have been successfully examined for their negative effects on the life parameters of some insect [3] . In the present study effects of PHA in artificial diet on the fecundity development and mortality of S. avenae were investigated. In general, artificial diet feeding assays have demonstrated that PHA was toxic to the grain aphid. Particularly, PHA has a inhibitory effect on fecundity (an important parameter when trying to prevent the build up of insect population) and induced prolongation of pre-reproductive period of S. avenae. The prolonged larval development showed a positive correlation with the concentrations investigated. In the similar pattern there was a negative correlation between the increase of concentration of PHA and the aphid fecundity. These results are reflected in population parameters values which showed that the rate of population increase was negatively correlated with concentration of PHA on diets but prolongation of the time of generation development was positively correlated with the increase of concentrations of PHA. Moreover, the laboratory tests revealed that PHA does have an effect in inhibiting aphid development, the inhibition is enough to greatly affect the insect's survival. In addition, our earlier studies revealed that the increase in concentration of PHA in a diet as well as lengthening of feeding time induced the lowering of body mass of wingless females of grain aphid [32] . Habibi et al. [14] found PHA to be most effective of 14 tested plant lectins in reducing the survival of homopteran potato leafhopper (Empoasca fabae Harris). The toxic effect of PHA in relation to Callosobruchus maculates /F./ was confirmed also by Sadeghi et al. [28] . Similar results were obtained by Machuka et al. [19] , who observed a negative impact of PHA on the mortality of larvae Maruca vitrata /F./. In contrast, other authors have found that PHA had little or no toxicity towards the European corn borer (O. nubilalis), Western corn rootworm (D. virgifera), the bean weevil (Acanthoscelides obtectus) [12] or tomato moth (Lacanobia oleracea L.) [11] . It appears, that the effect of PHA on different insects species may fluctuate. Some species are highly susceptible to PHA, and the effect on others might be less or moderate. The ability of this lectin to bind may have been conditioned by highly specific oligosaccharides. Nevertheless, the fact that PHA has diversified level of toxicity, its reaction to particular insect species should be researched individually and generalizations should be studied with caution.
Currently, the mechanism by means of which lectins exercise toxic effects in insects are not clearly understood. Our previous work pointed out a negative effect of PHA on the feeding behavior of the grain aphid [33] . Another from proposed mode of action is that lectins may destabilize insect metabolism by interfering with gut enzymatic function [30] . This hypothesis gets support from the results of our research. We examined the effect of PHA on various hydrolytic enzymes (α-and β-glucosidase, alkaline and acid phosphatase, aminopeptidase N and cathepsin L) generally involved in digestion, development, growth and detoxification. Data reported here support that the increase in the concentration of PHA has an effect on the decrease of activity of three enzymes: α-glucosidase, alkaline phosphatase and aminopeptidase N. Moreover, the relationship between content of PHA and effect to be derived. α-glucosidase catalyses both the production of monosaccharides and the synthesis of glucosedominated oligosaccharides by use glucose and therefore plays central role in carbon nutrition and osmoregulation (the sucrase and transglucosidase activity) of aphid [23] . The role of aminopeptidase N is postulated to be final hydrolysis of oligopeptides formed by the action of other proteinases, e.g. cathepsin L. In addition to oligopeptide digestion, aminopeptidase N is proposed to be associated with amino-acidabsorption processes [24] . It is suggested that when the activity of theses enzymes is inhibited by PHA, amino acid-absorption, the carbon nutrition and osmoregulation of the insect is compromised. It might have caused starvation, which in turn affected the aphid's development, survival, fecundity and the insects die within a few days. Our study also shows that, the exposure of S. avenae to dietary PHA inhibited alkaline phosphatase activity in their body. Phosphorylation is one of metabolic pathways for ecdysteriod inactivation which control the reproduction and/or embryonic development in various insects [27] . Because a way of ecdysteriod mobilization is the hydroysis of ecdysteriod conjugates [21] the reduction in activity of alkaline phosphatase may interfere in embryogenesis of aphids which in turn affected the aphid's population development and survival.
In contrast, the treatment with PHA induced the increase in the level of β-glucosidase, acid phosphatase and cathepsin L activity. It is suggested that these enzymes can play significant role in detoxification of PHA and the increase in activity can be attributed to positive feedback response. It is well established that β-glucosidases are important enzyme for insect metabolism and for insect-plant interactions. Besides hydrolyzing several carbohydrates, thus liberating monosaccharides that can be absorbed, they can cleave plant toxic glycosides [35] . In aphids, a cathepsin L is possibly involved in degradation of toxic proteins found in the phloem sap and in the processing of exogenous ingested polypeptides [27] . The acid phosphatase reach their maximum activity around moulting, particularly when metamorphosis occurs [25] . Moreover, the results presented here suggest that grain aphid is able to induce a compensatory mechanism, an over-expression of existing enzymes. There is not much information on the relations of lectins to insect's enzymes. Results analogous to the present findings were also perceived by Kaur et al. [17] and Singh et al. [30, 31] when they treated melon fruit fly Bactrocera cucurbitae (Coq.) larvae with Arisaema jacquemontii Blume, Glycine max L. and Arisaema curvatum Kunth lectins. Larvae fed on artificial containing doses of lectin showed a significant decrease in acid and alkaline phosphatases, catalase and glutatione S-transferases activity while esterase activity markedly increased as compared to larvae fed on diets without lectins. Similarly, the results obtained by Macedo et al. [18] indicated that Bauhinia monandra leaf lectin (BmoLL) influenced, in vitro, the α-amylase activity of Callosobruchus maculates (F.). Results different to the present findings were perceived by Fitches and Gatehouse [10] when they treaded L. oleracea larvae with Galanthus nivalis (GNA) and Canavalia ensiformis (ConA) lectins. These authors observed that both lectins affected the activities of soluble and brush border membrane enzymes (α-glucosidase, alkaline phosphatase, aminopeptidase, trypsin) in the midgut of L. oleracea when larvae chronically (for 16 days) exposed to these lectins. In the short term (for 24 h) lectins increased the activity of enzymes among other: α-glucosidase and alkaline phosphatase. This differential effect of lectins could be due to differences in sugar specificities. It also suggested that PHA is more toxic and therefore had a pronounced antifeedant effect in the short term. The mechanism of lectin effect on hydrolytic enzyme activity is not clearly understood. It has been proposed that lectin may affect the enzyme activities binding to these at place other than their substrate binding site [7] . On the other hand, lectins may increase the number of enzyme active sites by altering their accessibility to the substrate. Lectins also could bind to the substrates, increasing the enzyme activity, binding to both enzymes and their substrates and may increase the affinity among them [18] . However, the antinutrient activity of plant lectins is primarily explained by the predominant binding of lectins to glycan receptors at the intestinal surface and blocking them from enzyme [20] .
In summary, the insecticidal activity of PHA on grain aphid may involve decrease of α-glucosidase, alkaline phosphatase and aminopeptidase N in midgut of insects. In this way PHA may have exercised antifeedant and toxic effects on grain aphid. Further study are needed to determine: (1) at the cellular level where PHA binds and (2) is PHA resistance to enzymatic digestion by midgut proteinases.
